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Abstract 
This paper describes the design and manufacturing tasks of a force sensor for its integration on the standard probe of a 
Coordinate Measuring Arm (AACMM or CMA). The sensor design is based on the use of strain gauges located on the surface of 
the CMA hard probe. The strain gauges as well as their cables and connectors have been protected with a custom case, made by 
Additive Manufacturing techniques (Polyjet 3D). The same method has been selected to manufacture an ergonomic handle that 
includes a trigger and the electronic components (customized PCB) required for synchronizing the trigger signal when probing 
occurs. The force sensor is finally connected and commanded by a signal monitoring software given a real-time force 
measurement. 
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1. Introduction 
In dimensional metrology applications the use of Articulated Arm Coordinate Measuring Machines (AACMMs) 
or Coordinate Measuring Arms (CMAs), has been greatly spread due to different reasons. On one hand, a CMA is a 
portable and flexible equipment capable of accomplishing the vast majority of Geometric Dimensioning & 
Tolerancing (GD&T) verification tasks as it is based on the concept of coordinate measuring. On the other hand, 
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they are generally used in conjunction with a triangulation laser system to carry out reverse engineering tasks. In 
these kind of tasks, accuracy takes a second place of importance, while scanning speed, point acquisition capability, 
strategy (operation times) and point density become the essential rules. 
However, at industrial level there are multiple tasks that do not require non-contact scanning techniques, tasks 
where contact metrology instruments are still necessary such as in-situ GD&T inspection (on a CNC machine 
worktable, on a workbench, or onto a mechanical structure being assembled) [1]. This type of equipment is suitable 
for companies that need fast measurements, portability, inspection of few but highly relevant tolerances or 
inspection of combination of dimension tolerances (distances between holes, planes or diameters) and overall 
geometrical tolerances (form errors, parallelism, perpendicularity, coaxiality, etc.). In this area is where the 
dimensional metrology using contact CMAs has high expectations for implementation. 
Unfortunately, the way of use and the kinematic structure of CMAs make impossible to treat them exactly as the 
CMMs researches do, so there are specific standards for their evaluation (ASME B89.4.22-2004, VDI/VDE 2617 
Part 9, and the future ISO 10360-12 for Coordinate Measurement Arms). Moreover, the evaluation of CMAs must 
take into account the uncertainty derived of the in-situ use as well as the touching probe type, the kinematic model, 
the encoders, etc. intrinsic to these devices [2-5]. 
In the case of CMMs, the traceability of measurements can be guaranteed without major problems, even though 
dynamic considerations are made in those measurements [6]. In fact, due to their advanced degree of automation 
while capturing points together with their high level of control of influence variables (temperature variations, 
relative humidity, air conditioned room, etc.), the measurements performed with CMMs are highly accurate and 
reliable, with uncertainties of few micrometres in great measuring volumes. 
The lower uncertainty in the definition of dimensional and geometric errors has been taken advantage of to make 
comparisons between the measuring capability of CMMs (automatic) and CMAs (manual) for the same task or 
feature [7, 8]. In these studies, the CMM is taken as a reference and the capability of approaching to similar values 
with the CMA is evaluated. The experiments relating to this comparison have revealed a high influence of the 
measured feature and the operator that handles the CMA [9], showing an unexpectedly high variability when 
combining very different CMA orientations with slight changes in the contact force applied by the operator. The 
variability in the contact force is natural in manual probing, not only when different operators are taking the 
measurements, but also when there is only one [10]. And further, these forces exerted on CMA and spatial position 
of the arms and joints also cause structural deformations that influence the accuracy of measurement [11]. 
In contrast to CMM, the CMA measurement technique always involves manual probing of points on the part 
surface. This manual operation causes a variability in point acquisition that affects the repeatability and accuracy of 
measurements to a great degree and thus, questioning their reliability, overall when measurement different kind of 
features [8, 12]. From this point of view, recent research studies address the evaluation of the probing force in order 
to minimize its influence, by avoiding that the force reaches excessive values [13, 14]. In any case, the need for a 
sensor of this type, which allows to know the magnitude (and its orientation) of the forces arising in CMA manual 
probing, is evident. Such studies have resulted in the development and research that this paper is about. 
2. The probing force on CMAs. Previous solutions and future requirements 
The external force sensor is composed of two physically separate components: 1) a strain gauges system 
incorporated (glued) on a surface of a rigid probe of the CMA (similar to Fig. 1), and 2), a signal synchronization 
system with its actuator and the fixtures necessaries to assemble it to the CMA. 
For the first component (strain gauges system), the assembly scheme proposed in previous researches [13, 14] 
has been used. In this scheme, six strain gauges have been installed (R1 to R6, fig. 1 (a)) that, using the same type of 
configuration, are capable of measuring the contact forces onto the rigid probe. The total force is divided in two 
components: axial force (pure compression), and combined bending forces (addition of two bending components). 
The strain gauges used in this research are smaller than those of previous experiments were. The strain gauges R3, 
R4, R5 and R6 are of type 1-XY11-1,5/350 (HBM), and are used to measure the axial force with a full Wheatstone-
bridge circuit, while strain gauges R1 and R2 are of type 1-LY11-1,5/350 (HBM) and are used to measure the 
bending force with a half bridge circuit. This half bridge is completed by an internal resistance (Rint) provided by 
the acquisition signal equipment (Dewetron 3021). 
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Fig. 1. (a) The previous prototype of a force sensor for CMAs; (b) Configuration of the bridge circuit using six strain gauges. 
Once designed this gauges arrangement, the force measuring system was manufactured and implemented again 
on a new rigid probe (66 mm long, 10 mm diameter, ball of Rubi of 4 mm diameter) similarly to the one shown in 
Fig. 1. 
The output signal sent from the bridges is collected, with a capture frequency of 1000 Hz, by a data acquisition 
system, the Dewetron 3021®, that was previously used in [13, 14]. Both signals, pure axial and bending force 
respectively, are detected and processed individually using two separated input channels in the acquisition system. 
The software of this instrument, Dewesoft©, allows to configure the signals and to perform a primary process –
presetting- that consists in adjusting the signals to specific levels in order to match the 0 signal with 0 load and the 
maximum signal with the maximum load (which was tested and calibrated to 10 N). 
This assembly constitutes a miniaturized version of the solution used in the aforementioned previous studies. 
Apart from the selection of more sensible gauges, the final design of the sensor may be improved further more by 
considering the following aspects: 
x Better ergonomics and comfort of use. The original prototype did not allow a safe and comfortable use. The 
existence of uncovered cables could risk the own sensor due to the possibility of collisions, wire entrapments, etc. 
Moreover, it forced the operator to hold the CMA in an uncomfortable posture, very different from the “natural” 
posture, so that the measured values of the contact force acquired in the tests were far different than the real force 
values reached in common measurements. 
x Removal of noise problems in the force signal due to tension in the cables. Because of not covering the electrical 
cables, some tensile stress could appear in the gauges system introducing noise in the force signal. This situation 
becomes worse in uncomfortable measuring postures, i.e., when measuring entities with poor accessibility, etc., 
as contact forces can be influenced by these extreme postures.  
x Synchronization of the trigger signal. The original model captured the force values in real time, so the value of 
the force in the probing instant was not exactly known. Because of this, the contact force value was taken 
analyzing by software the real time graph (e.g., selecting the maximum peaks of force). The system showed poor 
synchronization between the sensor readings of the contact force and the exact probing instant detected by the 
CMA software. 
x It is also important to mention that all the integration of these systems must be performed on the exterior of the 
CMA, as the structure or the electronics of the CMA cannot be modified in order to avoid internal damage to the 
equipment. 
A final requirement is that all of these improvements need to be made on a low cost scenario, due to the 
limitation of the annual budget allocated to the research project. 
Unfortunately, this sensor has to be developed for a specific model of CMA because each manufacturer has its 
own catalog of rigid probes and they are not compatible with other CMA brand. Actually there are different 
generations of CMAs from the same manufacturer that do not maintain neither the same type of rigid probe (Romer 
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is an example of this policy) nor the external dimensions and shape of CMA joints. This has led to a detailed study 
of the geometry of the available arm in order to obtain a specific design that allows the prototype to be integrated in 
the last joint -wrist- but with minimal impact to the rest of the CMA. 
3. Development of an integrated- force-sensor prototype 
This section provides a detailed description of the different individual components that were designed 
independently to fulfil the mentioned requirements and specifications. Although several prototypes of covers and 
intermediate subcomponents were developed, the CAD models and photos shown here correspond to the final 
functional model. During the development process, a lot of components were slightly modified to be fully functional 
and correctly assembled to each other and to the CMA wrist. Eventually the sensor is a product geometrically well 
integrated in the external geometry of the available CMA (Sigma ROMER Arm) that maintains and ensures its 
ergonomics and functionality. 
In the adopted solution, the gauge system and their connection wires are protected with a custom-made cover 
manufactured using rapid prototyping techniques (Polyjet 3D AM technology with a Stratasys 3D printer). This 
technology is based on jetting layers of an acrylic-based photopolymer on a flat surface. After each jetting cycle, the 
layer is cured with UV radiation, so that the material solidifies and additional layers can be subsequently stacked in 
the Z direction. The same manufacturing method was selected to make the handle and most of the components of the 
prototype (like trigger mechanical components) because of its capability to adapt perfectly to the internal available 
spaces. 
Although the geometry of the new sensor is specifically adapted to the CMA available, the concept itself and 
most of the sensor components (as the handle, the trigger synchronization mechanism or the gauges system) may be 
incorporated into other commercial models of CMAs without excessive modifications thanks to the minimum 
affectation to the original arm structure and electronics. With regard to the economic requirement of a low cost 
prototype, this limitation has prevented from achieving a better solution with components of lower weight, of 
smaller size, made of more resistant and durable materials, with integrated triaxial gauges, etc. Certainly, this 
optimization task is up to the CMA manufacturers, with the hope that they may incorporate this kind of technology 
(“probing control force”) in the future generation of CMAs. 
3.1. Assembly for protection of the gages circuit 
The gauges circuit, mounted in the probe, is connected by two shielded wires that carry the signal towards the 
data acquisition hardware, where they are connected to DB9 inputs. The decision of encapsulate all the assembly 
was taken in order to enable its use under standard conditions of measurement. Thereby the cabling is protected and 
the incoming and outgoing wires are firmly fastened. This improvement stabilizes the gauge signals and removes the 
noise that was present in the earlier circuit version, by reducing the inducted tension that appeared in extreme and 
forced CMA positions. SolidWorks (v2010) was used in the 3D design, obtaining a model similar that it is shown in 
Fig. 2. 
 
   
Fig. 2. Detail of an initial covering case design. 
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Fig. 3. (a) Scheme of the signal trigger electric circuit integrated with the handle; (b) Final CAD design of the ergonomic handle. 
During the design stage, the manufacturing system was always taken into account. By taking advantage of the 
rapid manufacturing technology, the part could be designed without considering clamping locations or the typical 
geometrical constraints imposed by the removal machining processes. Other design aspects were not a concern 
either, such as the constant thickness, the relief angles or the location of injection points, usually considered in 
plastic parts manufactured by injection. This lack of constraints in the design applies to the housing for the gages, 
the internal elements and the handle shown in the following sections. 
3.2. Synchronization of the touch signal 
A small electronic circuit (PCB circuit) was designed and built in order to detect the instant when a point is 
probed. It was introduced between the push button of the CMA and the trigger of the developed handle and was also 
connected to another channel of the Dewetron acquisition hardware. The circuit generates a signal when the trigger 
is pressed, and this signal is received by the hardware. Thus, a third signal is added to the two monitored force 
components, so the three signals are: bending force, pure-axial force and the signal of touch trigger instant. 
This represents a huge improvement from the previous generation of the sensor, in which the force values used 
for calculations were obtained based on the premise that the probed point coincides with peaks or maximum values 
of the applied force. A circuit diagram (Fig. 3.(a)) was generated, built, tested, and subsequently miniaturized to be 
integrated into the handle of the sensor and activated by a lever mechanism (Fig. 3.(b)). This device controls the 
button panel located on the wrist of the CMA without affecting negatively the comfort of use. 
3.3. Ergonomic and functional handle  
In order to accommodate the electronic trigger and improve ergonomics and comfort of use of the CMA, a handle 
was designed and manufactured according to the same rapid prototyping techniques used for manufacturing the 
housing. In this case, a detachable design formed by two parts was developed (Fig. 3 and Fig. 4). All mechanical 
and electronic components that allow the use of the arm, along with the synchronization circuit, are accommodated 
inside the handle. As the handle was designed to be placed directly over the control buttons of the arm, all the 
functions of the equipment are maintained. When the main trigger is pressed, both the button for point acquisition 
and the synchronization circuit are simultaneously activated through intermediate elements. In addition, a secondary 
actuator was incorporated on the side of the handle to accept or delete points, thus avoiding the loss of any of the 
original functions of the button panel. 
a b 
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A hole has been incorporated in order to locate a green LED (Fig. 3.(a)), which indicates the exact probing 
instant and checks if the sensor is operating correctly. Finally, a cable gland fits perfectly into the CMA joint (Fig. 
4.(c)) for attaching the cables of the three signals. 
4. Manufacturing and global assembly of the probe 
Once verified that all parts fit into the assembly and that there is no interference between them or with elements 
of the arm using CAD tools, both protective housing for the circuit of gauges and the elements of the handle are 
manufactured. These elements are: the housings, the ergonomic handle, the elements that constitute the trigger, the 
buttons, the lever mechanics and the cable gland. 
All elements were manufactured with rapid prototyping techniques (3D Polyjet technology), except for the axis, 
the LED, the switch and the PCB circuit obviously. In particular a Stratasys Objet 30 machine has been used for 
manufacturing all these parts.  Model material was a Stratasys RGD240 photopolymer, while support material was a 
Stratasys FullCure 705 photopolymer. Layer thickness for this material was 28 µm. Resolution, in both X and Y 
directions of the 3D printer, was up to 600 dpi (approximately 42 µm). This particular machine has two printing 
heads, with independent injection orifices. 
An adequate part accuracy was achieved as the the geometry of every component was designed using 
SolidWorks software and then converted to STL format (0.001 mm conversion tolerance). Thereafter, STL files 
were incorporated to the Stratasys proprietary software and properly oriented, so that a tray model containing the 
predefined orientations was constructed and processed. Due to the slope and surfaces curvature, additional support 
material has to be placed under model geometry to provide proper stability for new layers. This support volume is 
automatically defined by Stratasys software so that support material is added to fill the space within the model and 
its projection onto the XY plane. 
Fig. 4 shows some details of the newly manufactured parts in the tray of the 3D printer (Fig. 4.(a)) and the same 
components once cleaned and prepared for being assembled (Fig. 4.(b) and Fig. 4.(c)). It can also be observed that 
the arm has been slightly modified with a minimum influence of the prototype with regard to comfort and ease of 
use. Furthermore, the prototype can be installed and uninstalled without alter the operation and structure of the 
original CMA. Therefore the starting requirement of preventing damage to the internal components of the CMA has 
been achieved. 
Fig. 4. (a) Additive manufacturing of the sensor components; (b) A detail of the assembly; (c) Functional sensor assembly. 
5. Calibration and Validation tests 
After manufacturing and assembling all the prototype components, and implementing the software in the 
equipment for the amplification and correction of the signal (Dewetron 3021 & Dewesoft 2013), minor 
modifications were made to adjust the trigger mechanism. Finally, the calibration of the system of gauges and the 
first validation tests were carried out with the adjusted trigger mechanism. 
In the calibration process a known (calibrated) weight is hanged down of the probe stylus and the value of the 
signal received is matched with the nominal weight value. The range of weights used was between 0 g and 1000 g. 
(note that common forces applied while measuring are around 5 N and above, when measuring on uncomfortable 
postures, using high range CMAs, etc.). The response of the sensor signal was founded almost linear into this range, 
        
a c b 
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so the calibration procedure was performed without problem and provided us a real-time force measurement very 
closed to the actual/real one. 
 
 
Fig. 5. Force signals monitored by the integrated sensor. 
Once the raw signal was transformed in actual force measurement (thanks to calibration), the signal was finally 
processed in Matlab® and saved in MS Excel format in order to make the subsequent graphs. Thus, graphs similar 
to those in Fig. 5 are obtained, that represent stress values versus time emphasizing the exact instant when the point 
is probed. 
Fig. 5 shows the result of a probing test performed following two different techniques: first, dragging the stylus 
over the surface of the workpiece between points (left), and second, lift the stylus and approaching it to the part 
surface for each probed point (right). The green curve represents the bending stress whereas the blue curve 
represents the axial stress. Negative values correspond to compression in this curve. This graph also shows how the 
synchronization with the trigger signal indicates perfectly the amount of time during which the trigger is being 
pressed. This period is represented by the red vertical curves. 
Once the sensor was calibrated, further tests [15] were performed to verify that the improvements that were 
established as initial targets from a mechanical point of view had been reached. The ergonomics has been 
remarkable improved, leading to a more intuitive and effective use of the system for simple geometries. However, 
this aspect can be enhanced by replacing the polymer used in the Polyjet additive manufacturing process by other 
materials of better quality, such as metals or other polymers, as clearances have appeared in joints between 
components due to the use. Furthermore, the volume occupied by the sensor and its housing has reduced the 
accessibility for tasks like measuring internal cavities of small dimensions. All these problems arise because of the 
device is a prototype used in scientific research, but they would be easily overcome in case of making the decision 
to commercialize the sensor. 
6. Conclusions and future works 
Throughout this paper the design, development and manufacture of a new force sensor has been described in 
detail. The applied force is a factor that must be controlled and taken into account, which has not been done until 
now. The sensor is simply an assembly of six strain gauges that are adhered to the CMA rigid probe and a 
customized handle that protects and contains the probe signal control system. The final assembly is perfectly 
integrated on the CMA wrist, accommodating all the electronics and mechanics for signal timing and triggering. It 
also permits monitoring the force through the axial and bending strains of the gauges attached to the rigid probe, 
thus making it viable for real measurement conditions. 
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Another important achievement has been to correlate by software the monitored values for the force components 
with the actual probing instant. After calibrating the sensor and performing different validation tests, the sensor is 
capable of characterizing and qualifying the way of measuring of a particular operator. Moreover, the developed 
sensor would allow to generate alarms when there is excess of pressure when probing or study parameters associated 
to the way of measuring (forces during continuous probing or during touch-trigger probing, average force, etc.) that 
help to avoid bad practices, forced CMA postures, etc. The ultimate objective that is pretended to achieve is to 
improve the accuracy when measuring with this type of equipment by developing mathematical models for real time 
compensation of measurements with regard to the contact forces applied in the operation. 
With the obtained signal data and managed it with the necessary software, the relation between the real time 
probing and the real-like force have been achieve. Once calibrated and made the first validation tests, this sensor 
allows characterizing and qualifying how a particular operator does the measuring. Enabling the generation of 
alarms for overpressure, overcontact, sideslips, etc. As this sensor could also reads the way of measure (sliding 
contact vs. point-to-point contact pt., force distribution pattern, etc.) it can prevents bad practices, forced positions, 
etc. One last target stated here as potential application, would be to improve the CMA accuracy with the addition of 
force mathematical correction models to the manual measurements in real time. 
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